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CdS and Cd (OH), formation during Cd treatments of Cu  (In,Ga)(S,Se),
thin-film solar cell absorbers
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The surface modifications induced by treating Cu(In,Ga)(S,8&hs in an aqueous ammonia
hydroxide-based solution of &d ions—as used in record Cu(In,Ga)(S,Seblar cells without a

CdS buffer layer—have been investigated for different? Cctoncentrations. Employing a
combination of x-ray photoelectron spectroscopy, Auger electron spectroscopy, and x-ray emission
spectroscopy, it is possible to distinguish two different surface modifications. Féf Cd
concentrations below 4.5 mM in the solution we observe the formation of a CdS monolayer, while
higher Cd* concentrations lead to the additional deposition of a cadmium hydroxide film on the
CdS/Cu(In,Ga)(S,Se)surface. ©2003 American Institute of Physics.

[DOI: 10.1063/1.1539553

Today, the standard structure of thin-film solar cellsNoufi? oxygen passivates the Se deficiencies at grain bound-
based on Cu(In,Ga)(S,SeJCIGSSe contains a thin CdS aries and at the surface. While this is expected to have a
buffer layer(~20 nm prepared by chemical bath deposition positive effect at grain boundaries, it leads to a detrimental
(CBD). Record efficiencies both on a laboratory scalereduction of the band bending towards the absorber surface,
[18.8% (Ref. 1] and for large-area commercial modules which, in turn, can be reversed by the removal of oxygen
[12.1% for 3651 crh(Ref. 1)] have been achieved with cells (e.g., during the CdS CBD proces§*Furthermore, several
containing such a buffer layer. However, one is interested ilgroups speculate about a Cd diffusion into the absorber, lead-
replacing CdS by a cadmium-free compound or even in fullying to ann-type doping of the absorber surface regidA.
omitting the buffer layer for waste minimization reasons.Despite its success, the treatment is an “empirical” prepara-
One promising route is the deposition of an “ion layer gastion step, and its impact on the absorber surface properties is
reaction” (ILGAR) ZnO layer® This layer has been termed still largely unknown. In order to gain detailed insight into
the “window extension layer(WEL) (Ref. 2 because the the chemical and electronic modifications induced by the
standard window layer itself consists of ZrCe., sputtered Cd?* treatment we have, therefore, performed a combined
n-ZnO on top ofi-ZnO). With this approach, cell efficien- x-ray photoelectron spectroscop¥P9), x-ray excited Auger
cies of 14.6% have been achieved even without the sputteraslectron spectroscop§KAES), and x-ray emission spectros-
i-ZnO layer, comparable to the corresponding standardopy (XES) study on various modified absorbers.
structure with a CBD CdS buffer layét4.7%.° The investigated CIGSSe absorbers were taken from the

The high efficiencies with WEL layers were made pos-Sjemens & Shell Solar base-litfeconsisting of a rapid ther-
sible by treating the CIGSSe absorber with an ammoniunimal annealing of elemental layers on Mo-coated soda-lime
hydroxide solution containing €d prior to the ZnO depo- glass in a sulfur-containing atmosphere. Secondary ion mass
sition, which leads to an increase in short circuit currentspectroscopy profiles and XPS experiments show that the Ga
open circuit voltage, and fill factérSuch a treatment was content at the absorber surface is negligible and that, hence,
first proposed for CulnSeby Ramanathan and co-workéPs gy experiments apply to Ga-free Culn(S,S€1SS8. To
and later successfully employed also by other grétps. stydy the concentration dependence, we uséd Gdlutions
Even though there is still some Cd involved, the total amounkontaining between 0 and 12 mM Cd$@issolved in 1.5 M
in the cell as well as the amount of Cd-containing waste isdqueous NH. The absorbers were treated for 10 min while
largely reduced in comparison to the CBD CdS process. Th@mploying a temperature ramp between room temperature
purpose of the treatment is to simulate the be.neficial effectgng 80 °C35 For XPS and XAES experiments, Mga ex-
of the CBD CdS process, such as a reduction of 0xygeRitation and a VG CLAM 4 electron spectrometer were used.
surface contaminatiorfsbut without the sulfur sourcé.e., The XES spectra were taken at the SXF endstation of beam-
thiourea. According to a model first proposed by Cahen andjjne 8.0 at the Advanced Light Source, Berkeley, CA.

In our XPS survey spectrenot shown we observe a
dElectronic mail: heske@physik.uni-wuerzburg.de removal of Na after all Ctd" treatments. Furthermore, a re-
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FIG. 1. Cd M;sN4sNys Auger spectra of Cu(In,Ga) (S, Sedbsorbers after  XPS intensity and a shift of the Cd M.sN,5 Auger line
treatment \I'_Vith tdiffeéﬁf?t 02({ chncentratiqns{?ﬁOSd—#Z m:"v SPGCt:&’it)_— position. The Auger parameter, here defined as the sum of the
(9], reeaing o dfrent o species n e diferent orcentator ® incing energy of the Cd d level and the kinetic eneray
tributions to spectrunte). of the main feature of the Cd Ml,sNy5 transition, shifts
from 786.4 to 785.1 eV. The latter value suggests the forma-
) ) tion of Cd(OH), (Ref. 14 in the high-concentration regime,
duction of the native O content at the absorber surface can B 5ccordance with the increase of the ®ittensity, and the
observed when using Cdg@oncentrations up to 3 MM, mgjecular-like shape of the &VV Auger line (not shown
while concentrations of 4.5 mM and above lead toeam resembling that of other hydroxidés.
hancemenbf the O signal. After all treatments containing Apart from the shift of the Cd MNN Auger lines for
Cd* ions, Cd is detected on the CISSe surface. In contragiigher Cd* concentration, a broadening of the spectral fea-
to Ramanatharet al® and Wadaet al.” who propose a Cd tyres can be observed. In general, the Cd MNN line shapes
diffusion into the absorber film, we observe a deposition of are very similar for different chemical species because of the
Cd-containing layeon the absorber surface, as indicated by|ocalized character of the core hole decay. Hence, this broad-
the attenuation of the substrate XPS and AES peaks. AS @ning is attributed to a second chemical species in addition to
function of concentration this deposition takes place in tWothe Cd(OH),, namely, the same species as observed for
different regimes, as shown in Fig. 1 for the CddgMssNss  jower C* concentrations. To illustrate this assignment we
Auger emission line. Up to a concentration of 3 mM the haye subtracted an arbitrary fractié®0%) of spectrum(a)
Auger peak intensity and position is relatively constant,n Fig. 1 (dotted ling from spectrum(e) to “restore” the
while for higher concentrations, we observe a shift of the Cdcharacteristic Cd MNN line shageashed ling While XPS
MNN to lower kinetic energies by 1.5 eV, in parallel with a and XAES give strong evidence for an additional Cd(QH)
strong increase in peak intensity. The dashed and dotted lingfeposition in the high concentration regime, the identifica-
in Fig. 1 represent a data analysis of the 4.5 mM spectrum t@on of the species formed at low concentrations is more
reveal two different Cd species and will be discussed belowgifficult. XPS and XAES line positions and Auger param-
The peak positions of Fig. 1 are summarized in Fig. 2,eters point towards CdS and/or CdSe, which are not easily
where, in addition, the corresponding @ @nd Cd 3l XPS  distinguished. To do this, we have performed XES experi-
intensities are shown. Already for the lowest used concentraments for an untreated and aCdtreated(1.5 mM CdSQ)
tion (0.05 mM, a significant Cd concentration at the ab- absorber, which give detailed information about the local
sorber surface is detected, which decreases slightly with inchemical bonding of the sulfur atoms, as shown in tHe,$
creasing concentrations up to 3 mM. In parallel, we observeXxES spectra in Fig. 3. A detailed discussion of the different
a slightly increasing O signal. This behavior of the O contenffeatures included in this spectrum can be found in Refs. 16
can be understood as a competitive interaction between sugind 17. XES, as a “photon-in—photon-out” technique, is
face etching by the NEsolution and film deposition of Cd- much less surface sensitive than XPS or XAES. In our case,
containing species. Assuming that higher’?Cctoncentra- the main part of the XES spectrum is associated with the
tions lead to an enhanced deposition speed of the Cd layeupper 100—200 nm of the CIGSSe film. To get information
the increasing O 4 intensity for higher concentrations can about the changes induced by the?Cdreatment at the ab-
then be understood by a diminished etching time of the absorber surface we have subtracted the spectrum of the un-
sorber surface. Based on the absorber peak attenuation atrdated absorbef@) from that of the C&"-treated film(b)
Cd peak intensities, the Cd amount of this layer can be estiboth normalized to maximum count rate Fig. 3, yielding
mated to be between 0.5 and 1 Cd monolayer. spectrum(c). A comparison with a reference spectrum of
For CdSQ concentrations of 4.5 mM and above, we find CdS[Fig. 3(e), see, also, Ref. 1&uggests the formation of

a step in the O & intensity, in parallel to a step in the Cdl3 CdS at the absorber surface, particularly by noting
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independent of the Gd concentration. The S atoms used for

" s hy =X2EOSO oV the CdS formation stem from the absorber surface, as evi-
@) ponds denced by the breakup of S—Cu bonds. Without additional
@ o diffusiqn processe¥ the CQS deposition is limited to about
k/\ 1 ML, i.e., to a state in which all S surfa_lce atqms are bpund
> o T e)Cds to Cd atoms, as corroborated by the intensity behavior of
g valence band XPS and XAES signals. For concentrations of 4.5 mM and
2 d) (0-0.96 ajx25 above(at constant concentration of the complexing J\kve
é o (b-apas fir_ld an additional Cd(OH) layer on top of the CdS layer.
= Since record CdS-free CISSe solar cells are generally pre-
g pared in the low concentration regime, it is evidently the
P4

(1.5 mM) role in the optimization of next-generation, nominally CdS-
M”“"eated free thin-film solar cells on the basis of CISSe.
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influence of the CdS/CISSe interface formation that is re-

sponsible for the empirical success of theCdreatment. In

particular, the positive impact of the CdS/CISSe interface on
b Cdreated the electronic structut®?is expected to play an important
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